STM0279 is a putative cytoplasmic protein from Salmonella typhimurium and was recently renamed haemolysin co-regulated protein 2 (Hcp2), with the neighbouring STM0276 being Hcp1. Both of them are encoded by the type VI secretion system (T6SS) of the Salmonella pathogenicity island 6 (SPI-6) locus and have high sequence identity. The Hcp proteins may function as a vital component of the T6SS nanotube and as a transporter and chaperone of diverse effectors from the bacterial T6SS. In this study, the crystal structure and the oligomeric state in solution of Hcp2 from S. typhimurium (StHcp2) were investigated. The crystal structure refined to 3.0 Å resolution showed that the protein is composed of a -barrel domain with extended loops and can form hexameric rings as observed in known Hcp homologues. Mutation of the extended loop was found to partly destabilize the hexameric conformation into monomers or cause the production of inclusion bodies, suggesting it has an important role in hexameric ring formation.
Introduction
The type VI secretion system (T6SS) is a novel multi-protein needle-like apparatus which is distributed widely in Gramnegative bacteria (Cascales & Cambillau, 2012; Silverman et al., 2012) . It plays an important role in many processes in bacterial life cycles, such as interspecies competition, biofilm formation and virulence-related processes (Hood et al., 2010; Russell et al., 2011; Ho et al., 2014; Jiang et al., 2014; Vettiger & Basler, 2016) . The haemolysin co-regulated protein (Hcp) secreted by all characterized T6SSs binds specifically to cognate effector molecules as a chaperone and receptor of substrates, as well as being postulated to form part of the T6SS secretion tube. The structures of several Hcp homologues have been reported, such as Hcp1 and Hcp3 from Pseudomonas aeruginosa (Douzi et al., 2014; Federico et al., 2015; Lim et al., 2015; Jobichen et al., 2010; Osipiuk et al., 2011) . Significantly, all of them are composed of a -barrel domain forming hexameric ring oligomers with an inner diameter of $40 Å . The internal pore can only accommodate small folded proteins (<20 kDa) or unfolded proteins, such as Tse1-3 from P. aeruginosa and EvpC from Edwardsiella tarda (Zheng & Leung, 2007) . Negative-staining electron microscopy and mutational studies revealed that P. aeruginosa Tse1-3 bind to the inner surface of the Hcp hexamer (Silverman et al., 2013) .
STM0276 and STM0279 are encoded by the type VI secretion system (T6SS) of the Salmonella pathogenicity ISSN 2053-230X # 2017 International Union of Crystallography island 6 (SPI-6) locus and share high sequence identity. They belong to the Hcp family and function as vital components of the T6SS nanotube, and were renamed StHcp1 and StHcp2, respectively. Moreover, StHcp1, rather than StHcp2, is required to kill Klebsiella oxytoca in vitro by specific interaction with the T6SS peptidoglycan (PG) amidase effector Tae4 (Sana et al., 2016) . In this study, we present the crystal structure and oligomerization study in solution of StHcp2.
Materials and methods

Macromolecule production
The gene encoding full-length StHcp2 was amplified from the S. typhimurium genomic DNA, and was cloned into pET-28at-plus (introducing an N-terminal TEV cleavage site, constructed by our laboratory). The recombinant plasmid was transformed into Escherichia coli BL21 (DE3) cells for expression. Protein expression was induced by adding 0.5 mM isopropyl -d-1-thiogalactopyranoside at 289 K. The supernatant was loaded onto a 2 ml Ni-NTA resin column (GE Healthcare) and eluted with buffer B [25 mM Tris-HCl pH 8.0, 50 mM NaCl, 5%(v/v) glycerol] containing 250 mM imidazole. The proteins were further purified by ion-exchange chromatography and subsequent gel-filtration chromatography. Macromolecule-production information is summarized in Table 1 .
Crystallization
StHcp2 was concentrated to $10 mg ml À1 using Millipore Amicon Ultra 10 kDa centrifugal filters. Crystallization screening was performed with kits from Hampton Research and Qiagen using the sitting-drop vapour-diffusion method at 293 K. The initial crystal was grown by mixing 1 ml protein solution with 1 ml reservoir solution consisting of 2.0 M ammonium sulfate, 0.1 M ammonium acetate pH 4.6. The optimal crystallization conditions were refined to 2.2 M ammonium sulfate, 0.1 M ammonium acetate pH 5.6. 20% glycerol added to the crystallization condition was used as a cryoprotective solution to flash-cool the crystals in liquid nitrogen. Crystallization information is summarized in Table 2 .
Data collection and processing
Before data collection, crystals were soaked for 5 s in a cryoprotectant consisting of 20%(v/v) glycerol in the crystal mother liquor and were then flash-cooled in liquid nitrogen. The temperature was held at 100 K in a cold nitrogen-gas stream during data collection. X-ray diffraction data were collected using a PILATUS 6M detector on beamline BL19U1 at the Shanghai Synchrotron Radiation Facility (SSRF), Shanghai, People's Republic of China. All data sets were Table 1 Macromolecule-production information. processed with HKL-2000 (Otwinowski & Minor, 1997) . Datacollection and processing statistics are summarized in Table 3 .
Structure solution and refinement
The initial phases were calculated using Phaser (McCoy et al., 2007) with Burkholderia pseudomallei Hcp1 (PDB entry 3wx6; Lim et al., 2015) as the search model. The phases from Phaser and the structure factors from HKL-2000 were combined in ARP/wARP (Perrakis et al., 1999) . Some biases were reduced manually in Coot (Emsley & Cowtan, 2004) . The program phenix.refine (Afonine et al., 2012) was used to refine the structure and to append water molecules. MolProbity (Chen et al., 2010) was used to validate the structure.
Refinement statistics are summarized in Table 4 . PyMOL (http://www.pymol.org) was used to prepare structural figures.
Results
3.1. Overall structure of S. typhimurium Hcp2
The structure of StHcp2 was solved by molecular replacement using the structure of Hcp1 (PDB entry 3wx6) from B. pseudomallei in space group C2 as a search model, and was refined to final R and R free factors of 0.24 and 0.28, respectively, at 3.0 Å resolution ( Table 1) $103 Â 148 Â 86 Å comprising 158 residues (Tyr3-Glu160). The residues Gln36-Gly49 inclusive, as well as Gly90-Pro93, Glu118-Ile119 and Gln139-Gly144, were not observed in the electron-density map and were not included in the current model.
The StHcp2 structure revealed a tight -barrel domain (12 Å diameter) formed by two -sheets that are comprised of four and five strands each (Fig. 1a) . The barrel is flanked by an 11-residue -helix (Ala65-Ser75) and an extended loop formed by Arg31-Leu56 (some residues are missing; discussed below). Similar loops that were defined in several Hcp homologues can protrude more than 20 Å away from the -barrel core. The hexameric rings could be generated by sixfold symmetry (Fig. 1b) . This stacking of hexameric rings can form a tube-like assembly (Fig. 1c) , with an outer diameter of 80 Å and an inner diameter of 40 Å . A similar hexameric ring stacking which forms a nanotube has been reported in Hcp homologues (Douzi et al., 2014; Federico et al., 2015; Lim et al., 2015; Jobichen et al., 2010; Osipiuk et al., 2011) .
A Douzi et al., 2014) .
Oligomerization
The oligomerization state of wild-type StHcp2 in solution was studied by analytical ultracentrifugation, using the purified protein at $1.0 mg ml À1 . The results showed two peaks corresponding to the apparent molecular weights of tetrameric (86.2 kDa; $25%) and hexameric (143.0 kDa; $75%) StHcp2, while a dodecamer was not observed (Fig. 2a) . Therefore, the model of ring interface interactions for this structure is likely to be the result of the crystal packing in this particular condition (Fig. 1c ). In solution, EvpC (a homologue of StHcp2) from E. tarda exists as a dimer at low concentration and as a hexamer at higher concentration (Jobichen et al., 2010) . In addition, the Hcp from A. baumannii exists exclusively as a hexamer (Federico et al., 2015) , while that from B. pseudomallei exists predominantly as a hexamer (with a small amount of dodecamer; Lim et al., 2015) . It should be noted that the variable oligomerization state in solution may not reflect the intact status of Hcp in vivo, and the hexamer is predominant in all species that are associated with nanotube formation.
3.3. The extended loop plays an essential role in stabilizing the overall structure of hexameric rings
The extended loop has been found to act as a key contact point between the interacting monomers of adjacent hexameric rings (Lim et al., 2015) . In our StHcp2 structure, this loop corresponding to residues Arg31-Leu56 can be defined based on the sequence alignment of Hcp homologues with remarkable similarity (Figs. 1c and 2b) , although the residues Glu36-Gly49 are missing in the flexible loop.
In order to evaluate the role of the extended loop in StHcp2, the Q36A and E37A mutants and the truncation Á(E38-G49) were created to study their effect on the oligomerization state of wild-type StHcp2 in solution. Unexpectedly, both the Q36A mutant and the Á(E38-G49) truncation exist as inclusion bodies when overexpressed in E. coli and little recombinant protein could be obtained in the supernatant (Fig. 2c) , indicating that these mutations may significantly affect the overall fold. Analytical ultracentrifugation showed that an additional peak corresponding to an apparent molecular weight of a monomer (20.4 kDa; $4.0%) appeared for the E37A mutant ( Fig. 2a) , as well as two peaks corresponding to tetramers (76.2 kDa; $26.5%) and hexamers (131.1 kDa; $69.5%) similar to those in wild-type StHcp2. This monomeric status has not previously been reported for known Hcp homologues.
Discussion
Our mutation studies on the extended protruding loop revealed that this loop plays an important role in stabilizing the overall conformation of the StHcp2 monomer as well as the hexameric ring. Structural analysis showed that this loop is very close to the interface of the two subunits ( Fig. 2b) and participates in the multiple contacts of the hexameric ring in the structures of Hcp homologues (Douzi et al., 2014; Federico et al., 2015; Lim et al., 2015; Jobichen et al., 2010; Osipiuk et al., 2011) . Here, we find that mutation of Glu37 to alanine (E37A) in the loop may partly destabilize the hexameric conformation into monomers. Meanwhile, the mutation of Gln36 to alanine (Q36A) or truncation of residues 38-49 [Á(E38-G49)] may destroy the natural conformation and cause the formation of inclusion bodies. A recent study showed that the extended loop in B. pseudomallei Hcp1 (PDB entry 3wx6) shows a significant shift compared with other Hcp homologues, and mediates multiple contacts in the hexameric ring interface (Lim et al., 2015) . Q46A and E47A mutations in this loop caused Hcp to be unable to stack as dodecamers and are likely to disrupt the formation of the tube-like assembly (Lim et al., 2015) . These key residues in the extended loop will restrict the Hcp hexameric ring and may further collapse the tube assembly. Meanwhile, the conservation in these extended loops is quite low (apart from the highly conserved Gly45; Fig. 1d ), and their conformations in known Hcp structures are variable, which may cause their different roles in stabilizing the Hcp nanotube.
In conclusion, this structure-function study on StHcp2 uncovers the critical role of the extended loop, which plays an essential part in stabilizing the overall conformation of the hexamer subunits. This will help us to further understand the role of StHcp2 in the S. typhimurium T6SS assembly.
